Background: Hydrogen Sulfide (H 2 S), a third member of gasotransmitter family along with nitric oxide (NO) and carbon monoxide (CO), exerts a wide range of cellular and molecular actions in our body. There is a large body of evidence suggesting that H 2 S plays an important role in cancer metastasis; however, the molecular mechanisms of H 2 S-mediated acceleration of cancer metastasis remain unknown. Methods: We examined the promote effects of H 2 S on phenotype of gastric cancer (GC) cells (including those of express wild type CD36 and mutant CD36) in vitro and in vivo. GC patients' samples were used for clinical translational significance evaluation. Findings: H 2 S triggered lipid metabolism reprogramming by significantly up-regulating the expression of the fatty-acid receptor CD36 (CD36) and directly activating CD36 in GC cells. Mechanistically, a disulfide bond located between cysteine (Cys)333 and Cys272 within the CD36 protein structure that was labile to H 2 S-mediated modification. The long chain-fatty acid (LC-FA) binding pocket was capped by a turn in the CD36 protein, located between helical and sheet structures that were stabilized by the Cys333-Cys272. This limited the secondary binding between LC-FAs and lysine (Lys)334. Breaking the Cys333-Cys272 disulfide bond restored the second LC-FA binding conformation of CD36. Targeting CD36 in vivo blocked H 2 S-promoted metastasis and improved animal survival. Interpretation: These findings identify that the Cys333-Cys272 disulfide bond disrupted the integrity of the second LC-FA binding conformation of CD36. Therefore, CD36 can directly activate LC-FA access to the cytoplasm by acting as a direct target molecule for H 2 S.
Introduction
H 2 S, a third member of gasotransmitter family along with NO and CO, exerts a wide range of cellular and molecular actions in our body [1] [2] [3] . While H 2 S at high concentrations is toxic, low levels impart numerous benefits [4] [5] [6] [7] [8] . H 2 S is produced endogenously by several enzymes, including 3-mercaptopyruvate-sulfurtransferase (3MST), cystathionine-β-synthase (CBS), and cystathionine-γ-lyase (CSE) [9] [10] [11] . Recently, an increasing number of studies have reported the significantly increased expression of various H 2 S-producing enzymes in cancer cells of diverse tissue types, and new roles of H 2 S in the pathophysiology of cancer have emerged [12] . Although extremely limited in terms of mechanistic detail, there is a reasonable body of evidence suggesting that H 2 S plays an important role in cancer metastasis [13, 14] .
The metabolic reprogramming of cancer cells has been established as a hallmark of cancers, where the rate of mitochondrial adenosinetriphosphate (ATP) production, but not glycolytic ATP production inversely correlates with cancer-cell doubling time. Glycolysis is not a major contributor of total ATP but allows nutrient assimilation into biosynthetic precursors [15] . Therefore, highly metastatic cancer cells exhibit avid lipid metabolism, which they compensate for by increasing lipid uptake from exogenous sources [16] .
CD36 is a scavenger receptor whose primary function is the highaffinity uptake of long-chain fatty acids (LC-FAs) [17] . Increasing evidence indicates the existence of specific cells called metastasisinitiating cells (MICs), which may originate from a heterogeneous population of cancer cells in the primary tumor but then continue to evolve during dissemination and colonization [18] . A recent study showed that CD36-dependent lipid metabolism was an important component of metabolic reprogramming for cancer cell metastasis but not primary cancer cell growth, which suggested a unique requirement for lipid metabolism reprogramming in initiating cancer cell metastasis [18, 19] . As the most energy-efficient way to generate ATP to satisfy the energy requirements of cancer cell metastasis, lipid metabolism is perhaps particularly crucial for the metastasis of disseminated cancer cells in a new microenvironment [20] . Both a high-fat diet and adipocyte-conditioned media were found to increase the percentage of CD36-positive cancer cells and topromote metastasis [18] .Clinically, obesity has also been linked to an increased risk of metastasis in breast cancer [21] . These findings establish CD36 as a marker and functional driver of cancer cell metastasis via its function in lipid metabolism. CD36 has been associated with tumor progression and poor prognosis in glioblastoma cancer [22] . While many details have yet to be investigated, the identification of CD36 as a MIC marker expands our knowledge of lipid metabolism in cancer progression and adds a promising new target for the development of anti-metastasis therapeutic strategies [23] [24] [25] .
Cancer cells are also hallmarked by high proliferation and imbalanced redox consumption and signaling [26] . Various oncogenic pathways such as proliferation and evading cell death converge on redox-dependent signaling processes [27] . Nrf2 is a key regulator in these redox-dependent events and operates in cytoprotection, drug metabolism and malignant progression in cancer cells [28, 29] .
Metabolism alterations are hallmarks of GC, but the involvement of lipid metabolism in disease progression is unclear. We investigated the role of lipid metabolism in GC using cell-derived xenograft mouse models. We showed that LC-FA uptake was increased in GC cells and that these LC-FA directed toward biomass production. These changes were mediated, by the fatty acid transporter CD36, which was associated with aggressive disease.
The fact that the mechanism of H 2 S-mediated acceleration of cancer metastasis is unknown hampers the development of anti-metastasis therapies. In this study, we found that CD36 functioned as a H 2 Stargeted receptor. Its Cys333-Cys272 disulfide bond served as a specific molecular switch that activated the LC-FA binding conformation of CD36, thereby promoting LC-FA uptake and accelerating the spread of GC. The use of neutralizing antibodies or inhibitors to block CD36 could accomplish an almost complete inhibition of metastasis in immunodeficient orthotopic mouse models of oral squamous cell carcinoma, with no side effects [25, 30] .
Materials and methods

Cell culture
The human GC cells (AGS, HGC27, NCI-N87, and KATO III) were purchased from ATCC (Manasseh's, VA, USA). The human GC cells (SGC7901, MGC803, MKN45) and human gastric epithelial cells (GES-1) were obtained from the Institute of Tongji Hospital Affiliated to Tongji University. Cells were cultured in RPMI1640 (Gibco, USA) supplemented with 10% Foetal Bovine Serum (FBS) (Gibco, USA), 1% penicillin-streptomycin (PS) and 1% nonessential amino acids in a humidified, 5% CO 2 air atmosphere at 37°C. Cell lines were characterized by gene sky biopharma technology using Short Tandem Repeat (STR) markers.
RNA-sequencing (RNA-seq) and real-time quantitative PCR
For the mRNA-seq assay, samples were submitted to Shanghai Majorbio Bio-pharm Technology Corporation for RNA-seq. Poly (A) RNA was purified from total RNA, then converted to doublestranded cDNA; the resulting cDNA samples were sequenced using the standard Solexa protocols. The sequencing reads were mapped to the human genome using tophat. Avadis NGS was used to calculate reads per kilobase per million mapped reads (RPKM) values. Differentially expressed genes were called at two-fold changes using RPKM. Gene ontology (GO) enrichment and Kyoto Encyclopedia of Grene and Genomes (KEGG) pathway analyses were performed with DAVID (Database for Annotation, Visualization and Integrated Discovery). For real-time PCR, total RNA was isolated using Trizol reagent (Invitrogen), then cDNA was generated by reverse transcription of aliquots of RNA
Research in context
Evidence before this study GC is a silent disease that is often diagnosed at late stages leading to poor patient survival. Metabolism alterations are hallmarks of cancer, but the involvement of lipid metabolism in disease progression is unclear. H 2 S, a third member of gasotransmitter family along with NO and CO, exerts a wide range of cellular and molecular actions in our body. There is a large body of evidence suggesting that tumor-derived H 2 S, which is produced endogenously by several enzymes, stimulates bioenergetics, induces angiogenesis, and accelerates metastasis in cancer; however, the molecular mechanisms of H 2 S-mediated acceleration of cancer metastasis remain unknown.
Added value of this study
The present study provides the evidence for H 2 S-targeted receptor and reveals a new intrinsic inhibitory S-S bond in CD36 that serves as a molecular switch for H 2 S-induced modification and factional regulation. Expression of mutant CD36(C333A) promoted metastasis of GC cells and prevented the enhancing effect of H 2 S in vivo. Endogenous H 2 S was also necessary for CD36-induced, antiangiogenic drug resistance.
Implications of all the available evidence
These findings identify a critical role for H 2 S-mediated acceleration of GC metastasis and suggest that targeting CD36-mediated LC-FA uptake has therapeutic effects in preclinical models of GC metastasis. Our study provides new insights for a better understanding of the molecular mechanisms of H 2 S in cancer metastasis.
using the Takara PrimeScript RT Reagent Kit (Takara) according to the manufacturer's instruction. The resulting cDNA was used for real-time PCR with SYBR® Premix Ex Taq™ Kit (Takara) in a StepOne Real-Time PCR Detection System (Life Technologies). All expression data were normalized to GAPDH-encoding transcript levels. Primers used for real-time PCR are shown in Supplementary Table Information. The RNA-seq data has been deposited to National Center for Biotechnology Information (NCBI) via the Sequence Read Archive (SRA) database repository with the dataset identifier (Study SRA BioProject accession number No.: PRJNA548275).
Metabolic assay
Mitochondrial oxygen consumption rate (OCR), extracellular acidification rate (ECAR), fatty acid oxygen (FAO), ATP production was conducted using a seahorse real-time bioenergetics analyzer (Agilent Bioscience) for metabolic assay. The GC cells were seeded into XFp microplates and cultured at 37°C with 5% CO 2 . The following day, the media was replaced with 700 μl assay medium composed of DMEM without FBS and sodium bicarbonate and incubated at 37°C without CO 2 for 1 h. For the glycolytic stress test (Seahorse Cat. #103020-100), 10 mM glucose, 1 μM oligomycin and 50 mM 2-deoxyglucose (2-DG) were injected to the wells. For the mitochondrial stress test (Seahorse Cat. #103015-100), 2 μg/ml oligomycin, 2.5 μM carbonylcyanideptrifluorometthoxyphenylhydrazone (FCCP), 0.5 μM rotenone and 2 μM antimycin A were add to the wells. Both measurements were normalized by total protein quantitation.
Spectrometry studies
Liquid chromatograph-mass spectrometer (LC-MS) analyses of model chemicals were performed using a SHIMADZU mass spectrometer (MS). CD36 was digested with trypsin and on-line isolation was performed using high-performance liquid chromatography (HPLC) (Michrom Bioresources). Sample digests were analyzed using tandem MS with an LTQ Orbitrap XL MS (Thermo Electron).
Multiple reaction monitoring (MRM) analysis
Total lipid was extracted from 2 × 10 7 cells, using a modified method of Bligh and Dyer. An internal standard cocktail (Avanti Lipids Polar) was added at an amount of 10 μl to each sample according to 1 mg of extracted tissue protein during lipid extraction. Lipid extracts were subjected to triple-quadrupole MS (QTRAP 4000 and 6500; SCIEX, Framingham, MA). Both negative and positive electrospray ionization modes were used, and precursor ion scans and neutral loss scans were run in each mode. Lipid identification was based on MS data and assisted by the bioinformatics tool Lipid MS Predict (http://www. lipidmaps.org/). Quantitation was done by one internal standard per lipid class. Each experiment was repeated at least three times. Lipid compositions were separated on the Shimadzu LC-20AB HPLC system (Tokyo, Japan).
2.6. Construction of human mutant CD36 (C333A), Overexpression of human mutant CD36 (C333A) and wild-type human CD36
Mutational analysis was conducted in which Cys333 was replaced with an alanine (C333A). Mutant CD36(C333A) prevent the formation of the Cys333-Cys272 disulfide band was transfected and express in GC cells using a lentivirus vector. Mutant CD36 (C333A) without the Cys333-Cys272 disulfide bond was provided by SignalChem according to a custom-development program. CD36 (NM_000072) mutated at Cys333 or wild-type CD36 was cloned into pGC-FU, the lentiviral vector expression plasmid. GC cells grown at 70%-80% confluence was infected with the mutant lentivirus, wild-type CD36 lentivirus, or control lentivirus. The cells were passaged for further experiments after infection for 3 days. Lipofectamine-mediated transient transfection of human CD36, CSE and Nrf2 small interfering RNA (siRNA) was performed. Short hairpin RNA (shRNA) directed against human CD36 was inserted into the pLKO.1 vector. 293 T cells were transiently transfected with the following plasmids: lentiviral packaging plasmid pMD2.G, psPAX2, and lentiviral expression plasmid. Forty-eight hours post-transfection, the supernatant was harvested. The sequences of siRNA and shRNA against human CD36, CSE and Nrf2 used in our studies are described in Supplementary Table Information .
Wound healing assay
Confluent human GC cells were starved overnight and were scratched using a pipette tip for the wound healing assay. Markings were drawn on the culture dishes as reference points so as to make sure that the same visual field was photographed at 0 h and 24 h. Typically, 8-12 visual fields were chosen randomly in one culture dish. Cells were photographed using an EVOS fl Microscope (Advanced Microscopy Group, Mill Creek, Washington) after incubation, according to the suppliers' instructions. The outline of the wound area (the area with no cells) was then drawn using Image J software to get the exact pixel coverage of each wound area.
Cell invasion assay
Transwell chambers (8 μm pore size; Corning Life Sciences) were coated with 100 μl of diluted Matrigel. 0.6 ml medium containing 20% FBS was added to the lower chambers, and cells suspended in serumfree medium at a density of 1.5 × 10 5 cells/ml were seeded (0.1 ml) in the upper chambers. Various concentrations of NaHS were added to both of the upper and lower chambers. After cultured for an appropriate time (24 h), cells were then fixed by cold 95% ethanol, stained by 0.1% crystal violet, and cells that had not migrated were removed from the upper chambers. The remaining cells were photographed. The dye was dissolved in 80 μl of 10% acetic acid, and the absorbance of the resulting solution was measured at 600 nm using a multiwall spectrophotometer.
Determination of intracellular reactive oxygen species (ROS)
2,7-dichlorofluorescin diacetate (DCFH-DA) (Sigma) was used to measure intracellular ROS levels in human GC cells was determined with staining immunofluorescence and observed using a laser scanning microscope (Leica TCS SP5).
BODIPY staining
For BODIPY staining, human GC cells were fixed with aceton for 10 min, rinsed with PBS, and then stained with BODIPY 558/568 for 15 min. Positive signals were captured using a fluorescence microscope equipped with a camera (Nikon DS-Qi1MC).
Detection of the mitochondrial membrane potential (MMP)
The MMP was measured by fluorescence microscopy using the Tetramethylrhodamine methyl ester (TMRM) probe. Fluorescent images of treated cells were acquired and fluorescence intensities were analyzed, as previously described, through a Zeiss Axiovert 200 microscope equipped with a Photometrics Cascade 512B CCD camera and using MetaFluor software.
Western blot
Cell lysates were determined with Bicinchoninic acid (BCA) method, and an equal amount of proteins was separated by SDS-PAGE and then transferred to nitrocellulose membranes. The membranes were blocked with 5% (w/v) non-fat dry milk, followed with overnight incubation at 4°C
with the following antibodies which were provided in Supplementary Table. Immunoreactive proteins were detected using ECL Plus (Thermo Fisher Scientific), after secondary antibody incubation.
2-Deoxyglucose uptake
The GC cells were rinsed with a KRP buffer (128 mM NaCl, 4. ] radioactivity was measured in a liquid scintillation counter (Beckman LS6500). Each sample was measured in triplicate. Nonspecific uptake was determined in the presence of cytochalasin B (10 μM) and was subtracted from each value. A transient treatment (15 min) with 100 nM insulin in the KRP buffer before the cells were treated with radioactive glucose was applied in both the cells cultured with low glucose (5.5 mM, without insulin) and the cells cultured with high glucose (25 mM) with insulin (100 nM). In these experiments, the concentration of insulin applied in the following glucose-uptake assay (including the transient insulin treatment before application of 2-deoxy-d 
Nrf2 luciferase reporter assay
Luciferase reporter assay was performed using a Dual-Luciferase Reporter Assay System (Promega). Luciferase reporters were transfected into cells cultured in 35 mm dishes with or without NaHS treatment as described.
Chromatin Immunoprecipitation (ChIP) assays
The ChIP assay was performed according to the protocol described previously. In brief, after treatment, the GC cells were treated with 1% formaldehyde for 10 min to crosslink chromatin and protein. The chromatin-protein samples were immunoprecipitated with Nrf2 antibody. The immunoprecipitates were then incubated with protein A/G agarose beads. After several washes, the protein-DNA complex was reversed. DNA was purified using phenol-chloroform. The DNA was analyzed by qPCR using primers that were specific for regions spanning the Nrf2 binding sites in the promoters of CD36.
Immunohistochemistry (IHC)
IHC was performed on paraffin-embedded sections of human GC (214 stomach cancer tissues). Formalin fixed, paraffin embedded consecutive human GC tissue sections (3-5 μm) were deparaffinized and rehydrated. Antigen retrieval was performed by boiling tissue sections in 10 mM citrate buffer (pH 6.0) in a microwave oven for 5 min. The activity of endogenous peroxidase was blocked with 3% hydrogen peroxide in methanol for 10 min at room temperature. After washing, non-specific binding sites were blocked by incubating the slides with 10% FBS/PBS for 30 min at room temperature. Sections were subsequently incubated with antibodies against CSE and CD36 at 4°C overnight. After incubation with the primary antibodies, the sections were washed and incubated with secondary antibodies and DAB staining reagent with GTVision™ Detection System/Mo&Rb Kit according to manufacturer's instructions. After counterstain with hematoxylin and dehydration, the sections were mounted and imaged using the Leica microscope. The corresponding tissue array (with 214 cases and a total of 10 holes as normal control) was subjected to IHC staining for CSE and CD36 expression. Immunoreactivity was qualitatively evaluated according to the area of staining despite the intensity to avoid artificial cut-off effect: the area of stained cancer cells was recorded as 0% (negative staining), N 0% (positive staining) of all cancer cells.
Measurement of the activity of CSE and 3MST
To measure the CSE activity, the enzyme substrate L-cysteine (10 mM) and the cofactor pyridoxal-5′-phosphate (2 mM) were added to the cells for an incubation of 4 h. To measure 3MST activity, L-cysteine (5 mM) and α-ketoglutarate (1 mM) were added to the cells for an incubation of 4 h according to the methods described by Shibuya et al. who show that Cys aminotransferase generates 3-mercaptopyruvate (3MP) in the presence of Cys and a-ketoglutarate, while 3MP serves as a substrate for 3MST to produce H 2 S. H 2 S concentrations in the culture medium were measured using a H 2 S-sensitive electrode (World Precision Instruments). The H 2 S concentrations were calculated against the calibration curves of standard H 2 S solutions. The amount of H 2 S produced per microgram cell protein per minute was calculated as the activity of these H 2 S-generating enzymes.
Immunofluorescence staining
Cells were fixed with 4% paraformaldehyde at 4°C for 10 min. After washing and pre-blocking, the cells were incubated at 4°C overnight with antibodies against Monoclonal anti-human Nrf2 followed by incubation with the FITC-conjugated secondary antibody (1:50; CST) for 1 h. DAPI was used for nuclear staining (10 μg/ml in PBS, Invitrogen). Images were then analyzed by laser confocal microscopy (Leica Sp5 Laser Scanning Confocal Microscope).
Patients and specimens
214 cases of GC cancer tissue specimens were recently obtained from patients undergoing surgical resection in Tongji Hospital affiliated to Tongji University (Shanghai, China). All patients were histologically confirmed and no radiotherapy or neoadjuvant chemotherapy had been administered before surgery. Informed consent was approved by the Ethics Committees of Tongji Hospital and all subjects gave written informed consent.
Statistical analysis
The data were analysis with GraphPad Prism 5 and results are expressed as mean ± standard error. Statistical analyses were performed using SPSS Statistics 19.0. Differences among three or more conditions were analyzed by one-way analysis of variance (ANOVA). Two-condition were analyzed with the Student's t-test. Significance was established at the p b .05 level.
Results
CD36 as a direct target molecule for H 2 S-mediated acceleration of GC metastasis
We used RNA-Seq to identify potential differences in gene expression levels between treated with vehicle (normal saline, 0.9%) and 50 μM sodium hydrosulfide (NaHS; a donor molecule that rapidly releases H 2 S) using AGS cells for 24 h (Fig. S1A) . GO enrichment and KEGG pathway analyses revealed that the lipid metabolism pathway was one of the most differentially modulated pathways in AGS cells treated with NaHS (50 μM) for 24 h (Fig. 1A and B) . By comparing the transcriptional profiles of AGS cells treated with NaHS (50 μM) for 24 h versus vehicle ( Fig. S1B and 1C) , we found that H 2 S significantly up-regulated CD36 expression in GC cells at both the mRNA and protein levels ( Fig. S1C  and 1D ), promoted GC-cell migration, invasion and increased vascular endothelial growth factor (VEGF) release (Fig. 1D-1F , Fig. S1D and S1E ).
CD36 has been demonstrated to be involved in metastasis of GC indicating its pro-metastasis properties [18, 30, 31] . Therefore, in order to determine if CD36 expression is involved in the migration of GC cells in a CD36-dependent manner and whether it could be influenced by the effect of 10 μM sulfo-N-succinimidyl (SSO, CD36 inhibitor) or siRNA CD36 on cell migration, we selected 6 types of GC cell lines-AGS, HGC27, KATO III, NCI-N87, MGC803, SGC7901 cells, and human gastric epithelial cells-GES-1 cells. Among these GC cell lines, the migration of KATO III and NCI-N87 cells can be reduced by SSO (10 μM) or siRNA CD36, while AGS, HGC27, MGC803 and SGC7901 cells are not sensitive to SSO (10 μM) or siRNA CD36. We compared CD36 protein expression in these GC cell types (Fig. S1G ). The CD36 protein expression level, is highest in KATO III and NCI-N87 cells, and lowest in AGS, HGC27, MGC803, and SGC7901 cells, indicating that the sensitivity of SSO (10 μM) or siRNA CD36 to the migration of GC cells is related to the level of cellular CD36 protein expression. This result also implies that the level of CD36 protein expression can be manipulated to inhibit KATO III and NCI-N87 cells or activate AGS and HGC27 cells by transfecting the siRNA CD36 or wild-type CD36 expression vectors. Therefore, we decided to use AGS and HGC27 cells to complete the rest of the experiments in this study.
In a separate series of experiments, to test whether H 2 S promoted GC cell migration and VEGF release by targeted CD36, we examined cell migration and VEGF release in the presence or absence of SSO. We found that the promoting effect of H 2 S was abolished after SSO (10 μM) treatment for 24 h (Fig. 1G and H) . Next, we transfected AGS cells with siRNA specific to CD36 to inhibit receptor function. NaHS-treated cells containing CD36-specific siRNA showed a significant inhibition of H 2 S-mediated cell migration, invasion and VEGF release compared with the cells transfected with nonsense siRNA in vitro (Fig. 1D-1F , Fig. S1D and S1E).
We next used an orthotopic xenotransplantation tumor model and a subcutaneous xenograft tumor model with the luciferase-labeled control KD and CD36 KD AGS cells (control KD and CD36 KD AGS-luc) in mice to assess the role of CD36 in H 2 S-mediated metastasis in vivo (Fig. S1F ). On the 3 weeks after upon orthotopic injection of control KD and CD36 KD AGS-luc, we found a significant increase in the bioluminescent radiation volume in the tumor-bearing, NaHS (0.56 μg·kg
)-treated control KD AGS-luc cells mice compared with that of CD36 KD AGS-luc cells mice, indicating that H 2 S promoted metastasis (Fig. 1I) . When the experiment was terminated, major organs in each group were dissected and examined for metastases. Metastasis to the lungs was significantly increased in control KD AGS-luc cells mice that received NaHS (0.56 μg·kg −1 day −1 ) treatment for 3 weeks in orthotopic xenotransplantation tumor model (Fig. 1J) . Additionally, tumor weight was markedly increased after 3 weeks of NaHS (0.56 μg·kg −1 day −1 ) treatment compared with CD36 KD AGS-luc cells mice in subcutaneous xenograft tumor model (Fig. 1K ). In addition, GC progression in these mice was analyzed weekly by live-animal bioluminescence, which revealed that there was a consistently reduced tumor burden in mice bearing CD36 KD AGS-luc cells with NaHS (0.56
) treatment compared with that of control KD AGS-luc cells mice (Fig. 1I ). Mice transplanted with CD36 KD AGS-luc cells had a significantly increased survival time compared to those bearing control KD AGS-luc cells in orthotopic xenotransplantation tumor model (Fig. 1M) . Therefore, targeting CD36 in vivo blocked H 2 S-promoted GC metastasis and improved animal survival. Finally, we detected the level of H 2 S in the plasma of mice; NaHS (0.56 μg·kg −1 day −1 )-treated mice every other day showed significantly higher H 2 S levels (average 71.26 μM H 2 S) than vehicle-treated mice (average 59.36 μM H 2 S) in orthotopic xenotransplantation tumor model (Fig. 1L) . These results suggested that the CD36 as a direct target molecule for H 2 S-mediated acceleration of GC metastasis.
In our previous studies, we examined the effects of H 2 S in human umbilical vein endothelial cells (HUVEC) and found that H 2 S could promote the migration of HUVEC [6] . We also tested the effect of H 2 S on GES-1 cells. We found that H 2 S could not promote GES-1 cell migration and the release of VEGF was reduced with a 24-h NaHS (50 μM) treatment in GES-1 cells (Fig. S2A and S2B ). In addition, the protein expression level of the VEGF receptor-2 (VEGFR-2) was low in GC cells and following treatment with various concentrations of NaHS for 24 h, we concluded that VEGFR2 was not regulated by H 2 S. These data implicated CD36 as a direct target molecule for H 2 S-accelerated GC metastasis.
CD36 overexpression induced reprogramming of lipid metabolism and promoted GC metastasis
The panel of GC cells on which we conducted metabolic analysis showed wide variations in the metabolic phenotype of the individual GC cell lines. Interestingly, the subgroup of cell lines with CD36 low showed a similar metabolic index indicative of lower reliance on mitochondrial ATP production ( Fig. 2A, H and I) . To understand the role of CD36 in GC cell metabolism, we examined the FAO and ECAR of GC cells stably expressing wild-type (wt) CD36 as metabolism assayed by Seahorse analysis. We found that CD36(wt) overexpression significantly promoted LC-FA uptake measured using a chemiluminescence assay (Fig. 2B ) and reinforced cellular FAO (Fig. 2C) . CD36(wt) overexpression also improved ATP production as metabolism assayed by Seahorse analysis (Fig. 2D and E) , strengthened cellular viability as measured by the cell counting kit-8 (CCK-8) assay and TMRM probe assay (Fig. 2F and Fig. S2C ), and promoted cell migration and invasion as measured by the wound healing assay and Transwell assay in AGS cells (Fig. 3C and 2G) . Moreover, we found that CD36(wt) overexpression had no significant effect on glucose uptake and glycolysis function in GC cells, as assessed by a 2-deoxyglucose uptake assay and metabolism assay, respectively ( Fig. 2J and K) . These data suggested that CD36 overexpression in GC cells with lower CD36 expression, induced reprogramming of lipid metabolism in vitro.
To determine if CD36-mediated elevation of metastasis occurs in vivo, we engrafted mice with AGS-luc cells transfected with emptyvector or CD36(wt). We found that CD36(wt)-containing AGS-luc cells significantly promoted cellular metastasis after 3 weeks in orthotopic xenotransplantation tumor model (Fig. 2L) . Additionally, tumor weight after 3 weeks was markedly increased in mice transplanted with CD36 (wt)-containing AGS-luc cells compared with empty-vector AGS-luc cells in subcutaneous xenograft tumor model (Fig. 2M) . Taken together, these data implicated CD36 overexpression in GC cells with lower CD36 expression, promoted GC metastasis in vivo. . These data confirmed that the covalent bond was localized between the two Cys residues (Cys333 and Cys272). Interestingly, treatment of these peptides with 50 μM NaHS for 24 h induced the breaking of the disulfide bond between Cys333 and Cys272 (Fig. 3B) . To test the role of this disulfide bond within CD36 in AGS cell migration, we examined the migration of AGS cells that stably expressed a mutant form of CD36. We found that stable expression of CD36(C333A) in AGS cells significantly promoted migration compared with cells expressing CD36(wt), CD36(C311A), or CD36(C322A) (Fig. 3C ). H 2 S in solution is composed of a mixture of H 2 S gas and the HS − anion in a dynamic equilibrium. This equilibrium is pH sensitive, with acidification reducing the concentration of the HS − anion and increasing that of the H 2 S gas. In our previous studies, NaHS, GSH, Cys, Cys-Gly, and homocysteine were each allowed to react with a model chemical (a synthesized hexapeptide containing a disulfide bond) at concentrations with equal reducing potency. The hexapeptide was applied at equal concentrations to each reaction and thus the peaks of the hexapeptide also served as an internal standard for quantification of the ion peaks in the MS analysis. The products yielded from cleaving the disulfide bond of the hexapeptide were quantified as the ratio of the product peaks to the hexapeptide peaks. The result illustrated that NaHS was the most efficient in reducing the disulfide bond [6] .
To further examine the capabilities of H 2 S, we re-examined its disulfide bond-breaking effects under a range of pH values. We found that cleavage of the disulfide bond occurred at pH values ≥7.0 with 50 μM NaHS for 24 h, while cleavage was completely blocked at pH values ≤5.5 ( Fig. 3D-3F ). This finding suggested that the ability of H 2 S to break disulfide bonds is largely due to the HS − anion and not H 2 S gas.
This finding also indicated that the breaking of the disulfide bond is a reversible chemical process akin to that described for several redoxsensitive proteins. Based on our data, the regulation of FAO has an important role in GC cells after NaHS treatment. Accordingly, NaHS (50 μM) treatment of AGS cells for 24 h significantly heightened the cellular levels of ROS measured by DCFH-DA staining. DCFH-DA undergoes hydrolysis and then ROS-mediated oxidation to a fluorescent state, providing a measure of ROS levels in cells. This increased ROS generation can also be qualitatively appreciated in cells with NaHS (50 μM) treatment using fluorescence intensity assay detected by a fluorescence microscope (Fig. 6G) . NaHS (50 μM) treatment for 24 h also significantly promoted FAO and ATP production by metabolism assay in AGS cells ( Fig. 3H and I ). The CD36(C333A) mutant caused a significant increase in the levels of ROS, FAO, and ATP production ( Fig. 3G-3I ). However, NaHS (50 μM) treatment for 24 h was not able to raise the levels of FAO and ATP production in AGS cells stably expressing CD36(C333A). Nevertheless, in the control cells expressing CD36(wt), NaHS (50 μM) treatment for 24 h was still able to improve the levels of FAO and ATP production ( Fig. 3H and I) . Therefore, these data suggested that a disulfide bond between Cys333-Cys272 of CD36 can be cleaved by H 2 S to enhance bioenergetic processes. an interaction with its frontier molecular orbitals [6] . The CD36 ectodomain adopts an architecture similar to Lysosomal Integral Membrane Protein (LIMP)-2 (Fig. 4A) ; however, unlike LIMP-2, the cavity of CD36 contains two election-density features that resemble the extended hydrocarbon chain of LC-FAs (Fig. S3A) [32] . The entrance for the LC-FA translocation pathway has previously been proposed to lie close to lysine (Lys) 164 [33] . Indeed, the central cavity of CD36 has an opening close to this residue (entrance 1) that is a likely entry point for the membrane-distal LC-FAs and is the entrance whose opening is PH sensitive. In addition, a second opening (entrance 2) was also found at the membrane-proximal side of the CD36 ectodomain and the second LC-FA binding site occupying the cavity lies in a tunnel that proceeds from this entrance (Fig. 4B) . The mechanism by which the second LC-FA binding site occupies the cavity located in the tunnel entering from the inlet remains unknown, although a peptide-based study identified that the Lys164 and Lys334 residues of CD36 formed the binding site. The current model of CD36's structure highlights the SSO target residue Lys164, as well as residue Lys334, which is a second binding site and SSO target [33] . The residue Glu335 is positioned at the site of LC-FA entry into the tunnel. Lys334 may be important for correctly positioning the LC-FA within the hydrophobic binding pocket; this lysine may permit the LC-FA to slide into the tunnel via a conserved salt bridge between Lys334 and Glu335 and then induce a conformational change in the protein to initiate the signaling pathway.
We found that when the Cys333-Cys272 disulfide bond was present in CD36, its second LC-FA binding pocket was capped closed. The Cys333-Cys272 disulfide bond stabilized a turn in the CD36 protein between helical and sheet structures at N-terminal region, such that the extracellular region of the protein formed a "lid" at the entrance to the second LC-FA binding pocket (Fig. 4C) . This "lid" blocked the movement of the LC-FA from the extracellular region of the CD36 receptor into the binding pocket. In this configuration, Lys334 was not exposed to the solvent and could not dock the LC-FA into the hydrophobic pocket, thereby preventing the release of the LC-FA into the cytoplasm. Thus, the activation of the second LC-FA binding conformation of CD36 requires the Cys333-Cys272 disulfide bond to be broken. When the Cys333-Cys272 disulfide bond was absent, the structures of Lys332 and Lys334 were similar to the structures of Lys164 and Lys166 (Fig. S3B) ; Lys334 was exposed to the solvent, it could dock the LC-FA into the hydrophobic pocket, and possibly permit it to slide into the tunnel by a conserved salt bridge between Lys334 and Glu335. Lys332 increased the hydrophobicity of the binding pocket and helped position the LC-FA to (I) ATP production (n = 3, student's t-test). n.s, no significant differences. Each bar represents the mean ± standard deviation (S.D.). interact with Lys334 (Fig. 4D) . This series of events finally permitted the LC-FA access to the cytoplasm from the extracellular milieu.
To test the role of the Cys333-Cys272 disulfide bond within CD36 in AGS cells, we examined LC-FA uptake in AGS cells stably expressing the mutant CD36. We were surprised to find that CD36(C333A) expression significantly increased the capacity of AGS cells to take in LC-FAs (measured by a chemiluminescence assay and bodipy (borondipyrromethene) staining) and the enhancing effect of H 2 S disappeared entirely (Fig. 4E and F) . MRM analysis revealed that palmitic acid (PA) was mostly a mixture of the LC-FAs present in AGS cells expressing CD36(C333A) (Fig. 4G) . Western blot assays showed that the phosphorylation level of Fyn, a key non-receptor tyrosine kinase at the initial of the metastasis, was increased in CD36(C333A)-expressing AGS cells (Fig. 4H  and Fig. S3C ). Taken together, these data illustrated that the Cys333-Cys272 disulfide bond disrupted the integrity of the second LC-FA binding conformation of CD36, blocking the precise positioning required for LC-FA binding in the second entrance through CD36 to the cell cytoplasm.
Expression of CD36(C333A) promoted metastasis of GC cells and prevented the enhancing effect of H 2 S
We measured MMP in AGS cells stably expressing CD36(C333A) using a TMRM probe assay in vitro. We found that CD36(C333A)-expressing AGS cells had significantly increased cellular MMP. In addition, NaHS (50 μM) treatment for 24 h revealed that the enhancing effect of H 2 S completely disappeared in AGS cells expressing CD36 (C333A) (Fig. 5A) . Moreover, cell migration and VEGF release were significantly increased in AGS cells stably expressing the mutant CD36 (C333A). Although H 2 S had no effect, PA (10 ng/mL) still showed a promoting effect on cell migration (Fig. 5B and C, Fig. S3D and S3E ). Subsequent CCK-8 assays and Transwell assay also confirmed these results ( Fig. 5D and E) .
In vivo, transplant of CD36(C333A)-expressing AGS-luc cells significantly promoted cellular metastasis in mice compared with the transplant of AGS-luc cells expressing empty-vector and CD36(wt) (Fig. 2L) . Similar to the in vitro results, NaHS treatment (0.56 μg·kg −1-day −1 for 3 weeks) of mice injected with CD36(C333A)-expressing AGS-luc cells did not produce any metastasis-enhancing effect of H 2 S in orthotopic xenotransplantation tumor model (Fig. 5F ). NaHS treatment (0.56 μg·kg −1 day −1 for 3 weeks) of mice injected with CD36
(C333A)-expressing AGS-luc cells did not produce any tumor volumeenhancing effect of H 2 S in subcutaneous xenograft tumor model (Fig. 5G ). We also detected the level of H 2 S in the plasma of mice; NaHS (0.56 μg·kg
)-treated mice every other day showed significantly higher H 2 S levels (average 72.16 μM H 2 S) than vehicletreated mice (average 56.18 μM H 2 S) in orthotopic xenotransplantation tumor model (Fig. S3F) . Taken together, these data not only indicated that the Cys333-Cys272 disulfide bond served as an intrinsic inhibitory motif, but they also implicated the disulfide bond as a specific molecular switch to activate the second LC-FA binding conformation in CD36, which is required to mediate H 2 S-induced GC cell metastasis.
Endogenous H 2 S was necessary for CD36-induced, antiangiogenic drug resistance
Antiangiogenic drug (AAD) resistance is a frequent problem in cancer patients [34] [35] [36] . AAD induces hypoxia, increases lipolysis, and accelerates cancer cell metastasis [37] [38] [39] . To explore the role of H 2 S in hypoxia-induced cancer cell migration, we implemented a woundhealing assay to show that moderate hypoxia for 24 h (depriving the culture medium from 20% dissolving oxygen) caused a significant enhancement of migration of colon cancer cells and AGS cells (Fig. 6A ) [40] . Activity of the endogenous H 2 S-generating enzyme, CSE, as well as the expression of CD36, was increased in AGS cells cultured under moderate hypoxic conditions as compared with cells cultured under normoxic conditions (Fig. 6B and S3G ). In contrast, activity of the endogenous H 2 S-generating enzyme 3MST was decreased in AGS cells cultured under moderate hypoxic conditions as compared with cells cultured under normoxic conditions (Fig. 6C) . Activity of the endogenous H 2 S-generating enzyme CBS was not significantly changed in the AGS cells cultured under moderate hypoxic conditions as compared with normoxic conditions (Fig. 6D) . Moreover, siRNA-mediated knockdown of CSE attenuated the hypoxia (or LC-FA)-induced increase in the migration of AGS cells for 24 h, and NaHS (50 μM) treatment could rescue that siRNA-mediated knockdown of CSE attenuated the hypoxia (or LC-FA)-induced increase in the migration of AGS cells for 24 h (Fig. 6E  and F, Fig. S3G ). Quantification of ROS measured by DCFH-DA staining showed that total intracellular ROS levels were significantly increased in fast-migrating AGS cells compared with slow-migrating AGS cells for 24 h (Fig. 6G) . This observation illustrated that a transient, oxidizing, intracellular environment may occur during antiangiogenic-drug resistance [37] . Taken together, these results suggested that CD36 mediated endogenous H 2 S-promoted migration in antiangiogenic-drug resistance.
In our previous studies, we found that CSE and VEGFR2 were colocalized at the membrane of HUVEC [6] . To further determine the clinical relevance of our finding that H 2 S promotes cancer cell metastasis, we performed IHC analyses to examine the levels of CSE and CD36 in serial sections of 214 case human GC specimens. Staining quantification showed CSE levels was positively correlated with CD36 expression levels (Fig. 6H) . No case in the normal control showed significant CSE and CD36 signals (Fig. S2D) . As illustrated in supplementary table S1, the expression rate of CSE was higher in female than in male, and was increased as the TNM stage increased. Surprisingly, the expression The activity of the endogenous, H 2 S-producing enzyme CSE was elevated by moderate hypoxia (n = 3, student's t-test). (C) The activity of the endogenous, H 2 S-producing enzyme 3MST was elevated by moderate hypoxia (n = 3, student's t-test). (D) The activity of the endogenous, H 2 S-producing enzyme CBS was elevated by moderate hypoxia (n = 3, student's t-test). (E, F) Moderate hypoxia could significantly promote the migration of AGS cells and this migration-promoting effect was significantly decreased by CSE-specific siRNA. siRNA-mediated knockdown of CSE attenuated the LC-FA-induced increase in the migration of AGS cells (n = 6, student's t-test). (G) DCFH-DA staining chemiluminescence assay showing the effects of hypoxia on ROS production in AGS cells (n = 3, student's t-test). (H) Immunohistochemical staining with anti-CSE and anti-CD36 antibodies was performed on 214 human stomach tumor specimens. Scale bar: 20 μm (left and right panels). Relation between categorized variables was examined by Chi-square test. n.s, no significant differences. Each bar represents the mean ± standard deviation (S.D.). levels of CSE was related to the history of Helicobacter pylori infection. However, the proportions were similar between different age, histology, and tumor size.
H 2 S up-regulated protein expression levels of CD36 by induced Nrf2 nuclear translocation
Initial studies conducted a biological role for H 2 S in mammals in which H 2 S was shown to promote the relaxation of vascular smooth muscles [41] . This pioneering study reveal an important physiological role for H 2 S in the cardiovascular system. The present study showed that Nrf2 promotes tumor maintenance by modulating mRNA translation in pancreatic cancer [42] , and H 2 S induces Nrf2-target genes by inactivating the Keap-1 ubiquitin ligase substrate adaptor through formation of a disulfide bond between Cys226 and Cys613 [43] .
To further confirmed that H 2 S induces Nrf2-target gene CD36 expression in GC cells, we detected the protein expression levels of Nrf2 in AGS cells with NaHS treatment on different concentrations for 24 h by western blot assay. We found that the protein expression levels of Nrf2 was not a concentration-dependent progressive augmentation in the whole cell extracts from AGS cells treated with NaHS for 24 h, and that there was a concentration-dependent diminution in the cytoplasm of AGS cells, with a progressive augmentation in the nuclei of AGS cells (Fig. 7A and B) . After that, Immunofluorescence confocal showed, Nrf2 is obviously augmentation in cellular nucleus with NaHS (50 μM) treatment for 24 h compared with Vehicle treatment. (Fig. 7C) . We further examined the relationship between H 2 S and Nrf2 activity by transfection of DNA constructs containing a Nrf2 promoter region into AGS cells. As shown luciferase reporter assay, H 2 S significantly augmented Nrf2 promoter luciferase activity in AGS cells with NaHS (50 μM) treatment for 24 h (Fig. 7D) . ChIP assay further revealed that H 2 S promoted interaction between Nrf2 and its target gene CD36 in AGS cells with NaHS (50 μM) treatment for 24 h (Fig. 7E ). To test whether the H 2 S promoted Nrf2 nuclear translocation and up-regulated gene expression levels of CD36, we examined the impact on LC-FA uptake and migration of treating AGS cells with siRNA to Nrf2. We found that Nrf2 knockdown also decreased the promote effect on cellular LC-FA uptake and migration with NaHS (50 μM) treatment for 24 h (Fig. 7A, F and G) . Therefore, the aforementioned results showed that H 2 S up-regulated protein expression levels of CD36 by induced Nrf2 nuclear translocation. 
Discussion
The LC-FA uptake capacity of adipocytes is thought to be mediated by CD36 following entrance 1 [32] . Here, we showed that CD36 can directly activate LC-FA access to the cytoplasm by acting as a direct target molecule for H 2 S. Specifically, we identified a disulfide bond between Cys333 and Cys272 in the CD36 protein structure. The function of this disulfide bond in CD36 had not been reported to date (Fig. 8 and  Fig. S4E) .
The mechanisms underlying the interaction between H 2 S and its target molecule may be different from that of a typical ligand-receptor interaction where the ligand docks in the binding pocket/cavity within its receptor. In fact, H 2 S is too small a molecule to dock in any potential pockets/cavities via conformational matching. This idea was supported by our MS experiments as well as our theoretical analysis of quantum chemistry, where we identified the HS − anion as the reactive nucleophile that breaks the Cys333-Cys272 disulfide bond within CD36. In neutral solutions, two-thirds of the HS − anions dissociated from NaHS are transformed into H 2 S, while the rest remain as HS − anions [6] .
In our previous studies, we observed significant effects at low concentrations of NaHS, where 30 μM, 50 μM, and 100 μM NaHS yielded H 2 S concentrations of 20 μM, 30 μM, and 60 μM, respectively. It has been reported that plasma or blood sulfide concentrations range typically between 30 μM and 300 μM, indicating that the NaHS concentrations we used in the present study yielded physiologically relevant levels of H 2 S in solution [44] . In addition, our previous studies compared the effects of NaHS and H 2 S gas and revealed similar promoting effects on migration of vascular endothelial cells. We also examined the possible role of the oxidation products of NaHS. We identified three oxidation products in NaHS (50 μM) using ion chromatography, namely, SO . We then examined the migration-promoting effects of these oxidation products at different doses and found that none of them had any enhancing effect on cell migration at any concentration. These results suggested that the oxidation products of NaHS did not contribute to the effects observed in our in vitro and in vivo experiments [6] .
In this study, we illustrated that GC cell lines show wide variations in their metabolic phenotypes. Interestingly, the subgroup of CD36 low GC cell lines showed a low metabolic index. Several prior studies have demonstrated that H 2 S donors can stimulate mitochondrial electron transport and ATP generation in various cell lines [45] [46] [47] [48] . Furthermore, H 2 S, via sulfhydration, has been shown to increase the catalytic activity of the glycolytic enzyme GAPDH [49] . Since tumor proliferation, migration, and invasion are energetically demanding processes, we speculate that inhibiting or silencing CD36 would contribute to energy starvation of the cancer cells and impair their metastasis [50] . The basal protein expression level of CD36 is low, and we overexpressing with the mutated Cys333 in AGS, CD36(C333A) expresses far more than CD36(wt) basal expression. We have performed a set of new experiments using PA to stimulate the AGS cells transfected with vectors over expressing mutant CD36(C333A) and using H 2 S to stimulate the AGS cells transfected with vectors over expressing wild type CD36. The results showed that PA but Fig. 8 . Fatty-acid receptor CD36 functions as a hydrogen sulfide-targeting receptor with its Cys333-Cys272 disulfide bond serving as a specific molecular switch to accelerate gastric cancer metastasis. A schematic illustration of our systems-biology approach. We identified that CD36 functions as a H 2 S-targeted receptor, with its Cys333-Cys272 disulfide bond serving as a specific molecular switch to accelerate human GC metastasis. Short-term regulation (CD36 subcellular recycling) and long-term regulation (CD36 gene transcription) form a positive feedback loop, with the Cys333-Cys272 disulfide bond within CD36 acting as a special molecular switch for this positive feedback. H 2 S turns on this "switch" and induces LC-FA signaling, thus accelerating the metastasis of GC.
not H 2 S further promoted the migration of transfected cells with mutant CD36(C333A), while H 2 S could promoted the migration of transfected cells with wild type CD36. The data further illustrated that transfection of the cells with CD36(C333A) did not induce the maximal rate of the migration of these cells and Cys333-Cys272 of CD36 was probably the target site of H 2 S. Therefore, the basal level of CD36(wt) did not interfering with the mutated Cys333 when transfected in the GC cells. According to previous literature [51] , CD36 inhibits angiogenesis in human microvascular endothelial cells (HMVECs). However, in tumor cells, there may be multiple signal pathway mutations. In particular, spleen tyrosine kinase (Syk) (as a non-receptor tyrosine kinase) plays a crucial role in signaling pathways downstream of CD36 that inhibit angiogenesis. Unfortunately, due to its high methylation levels in most of the GC cell lines [52, 53] , also including other types of cancer cells, Syk is absent (Fig. S4A) . To test for the dephosphorylation of Fyn via the association of Syk with the CD36 interaction, we examined the impact on the migration of AGC cells stably expressing Syk. Surprisingly, we discovered that Syk overexpression noticeably decreased the promotion effect on AGS cell migration with NaHS (50 μM) treatment, and NaHS (50 μM) cannot phosphorylate Fyn at the 530 site via CD36, even though CD36 is not a tyrosine kinase receptor (Fig. S4B-S4D ). In addition, it has been reported that CD36 promotes VEGF release in various types of cancer cell lines [54] [55] [56] . Therefore, these results suggested that H 2 S promoted the release of VEGF via CD36 in AGC cells.
In summary, efforts toward finding effective inhibitors of metastasis have not been very successful, primarily due to drug ineffectiveness, the presence of adverse reactions, and the development of drug resistance. Genetic and pharmacological blockade of CD36 function could be harnessed as an anti-metastasis therapeutic strategy. Our study provides new insights for a better understanding of the molecular mechanisms of H 2 S in cancer metastasis.
